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Abstract (200 words) 22 
The present research investigates the uptake of phosphate ions from aqueous solutions using 23 
Acidified Laterite, a by‒product from the production of Ferric Aluminium Sulphate using 24 
Laterite. Phosphate adsorption experiments were performed in batch systems to determine the 25 
amount of phosphate adsorbed as a function of solution pH, adsorbent dosage and 26 
thermodynamic parameters per fixed P concentration. Kinetic studies were also carried out to 27 
study the effect of adsorbent particle sizes. The maximum removal capacity of ALS observed 28 
at pH 5 was 3.68 mg P.g‒1. It was found that as the adsorbent dosage increases, the 29 
equilibrium pH decreases, so an adsorbent dosage of 1.0 g.L‒1 of ALS was selected. 30 
Adsorption capacity (qm) calculated from the Langmuir isotherm was found to be 2.73 mg.g
‒31 
1. Kinetic experimental data were mathematically well described using the pseudo first order 32 
model over the full range of the adsorbent particle size. The adsorption reactions were 33 
endothermic and the process of adsorption was favoured at high temperature, the ∆G and ∆H 34 
values implied that the main adsorption mechanism of P onto ALS is physisorption. The 35 
desorption studies indicated the need to consider a NaOH 0.1 M solution as an optimal 36 
solution for practical regeneration applications. 37 
 38 
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1 Introduction 41 
The presence of high phosphate levels alongside a high level of nitrate in rivers and lakes is 42 
responsible for the eutrophication phenomenon. Lakes and rivers are usually considered 43 
eutrophic for P level between 0.035 to 0.1 mg.L‒1 and hypereutrophic for levels higher than 44 
0.1 mg.L‒1 [1]. Environments with phosphorus levels between 0.010 mg.L‒1 and 0.035 mg.L‒45 
1 are considered mesotrophic toward this element, i.e. its concentration level is optimal for 46 
the development of a balanced ecosystem. Nevertheless, due to an increase in the human 47 
activity, the level of phosphorous in water bodies has increased considerably in the past 48 
decades. Levels of phosphorous as high as 0.675 mg.L‒1 were noticed in Northern Ireland in 49 
Lough Egish for example, [2]. The nature of the input of phosphate from the environment 50 
into rivers and lakes is either diffused, like agriculture, or the source can be concentrated like 51 
wastewater treatment plant discharge points. The European Urban Waste Water Treatment 52 
Directive (EUWWTD) limits the phosphorus discharge level to 1 mg.L‒1  for installation 53 
larger than 100000 Population Equivalent or 2 mg.L‒1 for installation between 10000 and 54 
100000 PE, moreover the treatment efficiency has to be equal to or higher than 80 % removal 55 
[3].  56 
The difficulty in implementing the EUWWTD on a small scale waste water treatment plant 57 
and the input of phosphorus from diffuse sources requires the development of low cost and 58 
simple phosphorus adsorption techniques to enhance the control of P levels in rivers and 59 
water bodies.  60 
The use of cheap ore and natural materials for the adsorption of P from water has been 61 
regarded as a good strategy in decreasing the phosphorus level below 0.035 mg.L‒1. A 62 
number of studies have tested the phosphorus adsorption capacity of different materials like: 63 
limestone, dolomite, Laterite or even half burn limestone, and removal capacities ranging 64 
from 0.02 to 20 mg.g‒1 were reported [4].  Industrial by‒products have also been successfully 65 
utilized as P adsorbents, such as; red mud generated during the production of aluminium, 66 
blast furnace generated during the production of steel or residual iron and aluminium oxides 67 
from WWTPs [5-8]. 68 
The review by Vohla et al. on the use of adsorbents for P removal in wetland type systems 69 
differentiated three types of materials: natural material, industrial by‒product and manmade 70 
sorbents, [9]. According to the report, industrial by‒products can have a very high removal 71 
capacity, up to 420 mg.g‒1, natural materials showed a maximum P adsorption capacity of 40 72 
mg.g‒1 and finally man‒made materials displayed a maximum removal of 12 mg.g‒1 [9]. The 73 
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adsorption capacity is usually very sensitive to pH and the authors also showed that the 74 
content of CaO has a positive effect on the general adsorption of P. Acidified Laterite by 75 
Sulphuric acid (ALS) waste material generated during the production of Ferric Aluminium 76 
Sulphate showed very promising results as an arsenic adsorbent for drinking water 77 
purification applications [10]. As both phosphate and arsenate are anions with similar pKa 78 
and chemical structure, it is expected that ALS material can efficiently remove P as 79 
phosphate from water. In the present study, the use of ALS by‒product for the elimination of 80 
P from aqueous solutions was explored under batch conditions.  As the study is focusing on 81 
the removal of phosphorus as phosphate onto ALS, raw Laterite was used at the beginning to 82 
quantify the improvement between the raw and acidified lateritic material. The effects of 83 
solution pH, adsorbent dose and temperature on the adsorption process were examined. The 84 
possibility to use the ALS material in a wetland type system or in a packed bed system for 85 
polishing compact WWTP effluent relies on its capacity to decrease P levels below 0.035 86 
mg.L‒1. It is thus important to describe the adsorption mechanism involved in P fixation onto 87 
ALS. This study also describes the diffusion of P molecules inside the material pores, as this 88 
feature will greatly impact the adsorption capacity of the material in dynamic conditions. 89 
2 Materials and methods 90 
2.1 Lateritic materials 91 
Laterite is a naturally occurring ore rich in aluminium, iron, silica and titanium oxides [11]. 92 
The Acidified Laterite by‒product used in this study to adsorb phosphate is an industrial 93 
waste produced during the manufacture of Ferric Aluminium Sulphate (FAS). During the 94 
industrial process iron and aluminium are extracted from Laterite using a solution of 95 
sulphuric acid at 70 °C. The Acidified Laterite (ALS) used is this work has been in contact 96 
with sulphuric acid, leaving a significant amount of sulphate surface groups which have a 97 
positive effect on anion adsorption [10]. The raw Laterite received is mined in Ballymena 98 
(NI) by Stevenson Quarries LTD and the ALS material is produced by Clinty Chemicals LTD 99 
in the same location. The samples were dried for 24 h at 60 °C, sieved in three different 100 
particle sizes: lower than 75 µm, 500 ‒ 600 µm and 1000 ‒ 1180 µm and the samples were 101 
conserved in vacuum desiccators. The two lateritic samples were extensively characterized in 102 
a previous study [10]. Noticeable physical‒chemical characteristics of the ALS sample are: a 103 
surface area of 98.48 m2.g‒1; BET porosity around 0.2 cm3.g‒1; a point of zero charge of 5.1 104 
and the presence of sulphate groups on the surface of the sample. Further analytical 105 
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techniques were used to identify the crystal composition of the oxides present in the ALS 106 
sample as well as in the raw Laterite. 107 
2.2 Adsorbent characterization 108 
2.2.1 XRD X‒Ray Diffraction analysis 109 
An XRD analysis was carried out to determine the crystalline nature of the main oxides 110 
present in the two lateritic samples. The XRD equipment used to carry out the crystal 111 
identification in the samples is a PANalytical X’pert model from Philips. Radiation was 112 
carried out by a Cu K‒alpha 1 lamp at wavelength 0.154056 nm. Fully quantitative analysis 113 
was carried out using the X’pert analytical tool and database. 114 
XRD results were coupled with XFR results in order to tune the quantification of the main 115 
oxides present in the samples. XRF analysis was carried out using an Axios Advanced 116 
analyser from PANalytical and results were discussed previously [10]. 117 
2.2.2 FTIR Fourier Transformation Infra‒Red spectrophotometry 118 
Untreated ALS and ALS after saturation with phosphate solution were analysed by FTIR. 119 
Samples in equilibrium for 48 h with P solutions of 1, 10 and 100 mg.L‒1 of phosphorus at 120 
pH 7 were studied. The KBr tableting method was used and samples were analysed using a 121 
PerkinElmer Spectrum One FT‒IR spectrometer instrument.  122 
2.3 Characterisation of P adsorption in batch and column experiments   123 
2.3.1 Chemicals and water solutions 124 
Chemicals of at least reagent grade were used as received from Sigma Aldrich. Deionised 125 
water was used in all experiments and provided by an ELGA Maxima ultrapure water system; 126 
resistivity of 18.2 MΩ.cm 100 mg.L‒1 phosphorus stock solutions were produced by 127 
dissolving corresponding amounts of sodium di‒hydrogen phosphate salts and were diluted 128 
for subsequent experiments. All solutions were buffered with 100 mg.L‒1 of NaHCO3 and 129 
pHs were adjusted by adding dilute solutions of HCl or NaOH. pHs were recorded by the 130 
means of a pH  Thermo Scientific Orion 3 Star pH meter equipped with a Camlab pH probe 131 
calibrated with 3 standard solutions at pH 4.01; 7.00 and 10.00. 132 
2.3.2 Dose study  133 
Initial concentration of phosphorus in the adsorbent dosage study was set at 25 mg.L‒1 and 134 
the pH was maintained around 7. Adsorbent dosages ranging from 1 to 10 g.L‒1 were tested 135 
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in removing phosphorus. Experiments were carried out in 50 mL glass jars and allowed to 136 
reach equilibrium during 72 h onto a horizontal shaker at 100 rpm. 137 
2.3.3 pH study 138 
pH studies were performed in the same way as dosage studies excepted that the dosage was 139 
set at 1 g.L‒1and initial pHs were adjusted from 3 to 10. pH values at equilibrium were 140 
recorded and used to study the effect of pH on the P adsorption capacity of ALS. Equilibrium 141 
time was 72 h. 142 
2.3.4 Isotherm analysis 143 
The isotherm of P adsorption onto ALS was studied using phosphate solutions ranging from 5 144 
to 50 mg.L‒1. Dosage of material was set at 1 g.L‒1 and pH maintained around 7. Equilibrium 145 
time was 72 h. 146 
2.3.5 Kinetics of adsorption and effect of particle size 147 
Kinetic removal of P by ALS and raw Laterite was carried out in 1 L beakers using 1L 148 
solution at 25 mg.L‒1 P and pH 7. Adsorbent dosage was 1 g.L‒1 and different particle sizes 149 
of adsorbent were tested: diameter of 1000 ‒ 1180 µm; 500 ‒ 600 µm and < 75 µm. Solutions 150 
were completely mixed using magnetic stirrers set at 300 rpm. Stainless steel 100 mesh 151 
buckets were used in order to prevent any size variation during the experiments aided by the 152 
crushing down of the materials with magnets. When a stainless steel bucket was used alone 153 
no P adsorption onto the bucket was observed. 154 
2.3.6 Thermodynamic investigation  155 
The effect of temperature on the adsorption of phosphorus by ALS was studied. P adsorption 156 
isotherm experiments were carried out at 4 different temperatures: 298, 303, 313 and 323 K. 157 
The experimental procedure followed was the same as the one used for the isotherm room 158 
temperature of 298 K. For isotherms studied at higher temperatures, glass jars were shaken at 159 
100 rpm in a thermo‒regulated shaken bath Clifton NE5‒28D for 72 h. 160 
2.4 Concentration Analysis 161 
A colorimetric method was used to measure the phosphorus concentration. All samples from 162 
the present batch experiments were analysed by the colorimetric molybdenum blue method. 163 
The method presented by Tsang et al. was followed for phosphorus measurement only, with 164 
the addition of minor changes [12]. The calibration curve was set to phosphorus instead of 165 
phosphate using a certified 1000 mg.L‒1 P solution from Alfa Aesar and the procedure was 166 
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downscaled to a 10 mL sample. A few samples were also analysed by ICP‒OES for P and S 167 
at 178.2 and 182.0 nm respectively to ascertain the results obtained by the colorimetric 168 
method. An ICP‒OES Thermo Scientific IRIS Intrepid was used in that case. Very good 169 
linear regression was obtained for the calibration of the colorimetric molybdenum blue 170 
method, r2 > 0.99 for 7 calibration points over the range 1 to 5 mg.L‒1.  171 
After adsorption experiments and prior to any analysis, samples were filtered using 13 µm cut 172 
off cellulose acetate filters and acidified at 2 % HNO3, only in the case of ICP analysis. When 173 
powder adsorbents were used, i.e. materials having a particle size lower than 75 µm, samples 174 
were centrifuged at 5300 rpm before analysis.  175 
2.5 Mathematical modelling 176 
Mathematical modelling was used to interpret data obtained in the experiments. The 177 
isotherm, kinetic and column model constants were determined using Sigma Plot and the 178 
non‒linear models are presented in the following sections. 179 
2.5.1 Isotherms modelling 180 
Batch studies results were modelled using Langmuir and Freundlich adsorption models 181 
presented by equations (1) and (2) respectively [13]. 182 
Langmuir model: 183 
 
eL
eLm
e
Cb
Cbq
q
+
=
1
 (1) 
Freundlich model: 184 
 
n
eFe CKq =  (2) 
Where qe is the amount of pollutant adsorbed at equilibrium for a given initial concentration 185 
in mg.g‒1. qm is the maximum amount of pollutant adsorbed at equilibrium in mg.g
‒1. Ce is the 186 
concentration of phosphorus in the bulk solution at equilibrium in mg.L‒1. bL is the Langmuir 187 
constant in L.mg‒1. KF is the Freundlich coefficient in mg
1‒n.g‒1.Ln. n is the Freundlich 188 
equation constant and is dimensionless. 189 
Isotherms obtained at different temperatures were modelled using the Temkin isotherm 190 
usually represented by equation (3) [14] and [15]. 191 
 ( ) ( )eTTeT
T
CKBCK
b
RT
q lnln ==θ  (3) 
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Where qθ is the percentage coverage of the adsorbent. R is the ideal gas constant in J.mol
‒1.K‒192 
1, T the temperature in K, bT is the Temkin constant expressed in J.mol
‒1 and is linked to the 193 
heat of adsorption and finally KT in L.mg
‒1 is the Temkin equilibrium binding constant. 194 
The Dubinin–Radushkevich (DR) model was originally developed to describe the physical 195 
adsorption onto homogeneous microporous media following a pore filling process [16]. It has 196 
been applied to many other adsorption mechanisms and it is usually used to differentiate 197 
between physical and chemical adsorption phenomenon. Equation (4) presents the common 198 
DR isotherm form with equation (5) calculating the variable
DRε . Equation (6) presents the 199 
calculation of E, the mean free energy of adsorption of the process model expressed in 200 
kJ.mol‒1 [17]. 201 
 ( )
2
RDadk
se eqq
ε−×=  (4) 
 





+=
e
RD
C
RT
1
1lnε  (5) 
 
adDR kB
E
2
1
2
1
==  (6) 
Where qs is the theoretical isotherm saturation capacity in mg.g
‒1; kad is the DR isotherm 202 
constant in mol2.J‒2; 
DRε is the DR isotherm variable in J.mol
‒1; BDR is the DR isotherm 203 
constant kad and E is the adsorption energy expressed in J.mol
‒1. 204 
From the literature, it has been reported that generally the adsorption process can be 205 
distinguished based on the free energy of binding, as chemisorption shows higher activation 206 
energy than physisorption. The following classification is generally used, [18]: 207 
 Physisorption processes have adsorption energies < 40 kJ.mol‒1 208 
 Chemisorption processes have adsorption energies > 40 kJ.mol‒1 209 
 Chemical ion exchange processes have adsorption energies between 8.0 and 16 210 
kJ.mol‒1 211 
 Adsorption is physical in nature if adsorption energies are < 8.0 kJ.mol‒1 212 
2.5.2 Kinetics modelling 213 
The pseudo first and pseudo second order models were applied to kinetics experiments using 214 
equations (7) and (8) which are integrated forms of these two models. 215 
Pseudo first order model [19]: 216 
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 tk
q
qq
e
te
1ln −=




 −  (7) 
Pseudo second order model [20]: 217 
 ( )
tk
qqq
ete
2
11
+=
−
 (8) 
Where qt is the amount of pollutant adsorbed at time t in mg.g
‒1. k1 is the pseudo‒first order 218 
kinetic constant in min‒1. k2 is the pseudo second order kinetic constant in g.mg
‒1.min‒1. 219 
2.5.3 Thermodynamic modelling 220 
Studying the thermodynamic behaviour of adsorption reactions can reveal useful information 221 
about the nature and characteristic of the occurring reaction. The Gibbs free energy ∆G° can 222 
be expressed by equation (9), [21].  223 
 
o
o KRTG ln−=∆  (9) 
Where K0 is the apparent equilibrium constant from the adsorption reactions modelled by a 224 
simple equilibrium equation as expressed by equation (10), [22]. 225 
 MSSMsol ≡↔≡+  (10) 
K0 is calculated as follows by equation (11). 226 
 
[ ]
[ ]
asol
a
o
M
MS
K
≡
=  (11) 
With [S≡M]a and [Msol]a expressed as activity. In dilute systems, concentration can be used to 227 
approximate activities [23] and Ko can be expressed at low concentrations as shown in 228 
equation (12). 229 
 
e
e
o
C
q
K ≈  (12) 
K0 can be calculated using the ln(qe/Ce) value obtained when qe approaches zero [1]. There 230 
are also different ways to measure Ko present in the literature using either the Freundlich, 231 
Langmuir or Temkin equilibrium constant [14, 24, 25]. Entropy and enthalpy of adsorption 232 
can be obtained using the following Gibbs free energy definition presented in equation (13). 233 
 000 STHG ∆−∆=∆  (13) 
These parameters can also be obtained by the rearranged equation (14), [23]. 234 
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RT
H
R
S
K
00
0ln
∆
−
∆
=  (14) 
2.5.4 Diffusion modelling 235 
2.5.4.1 Intraparticle diffusion modelling 236 
The intraparticle model links the adsorbed quantity of pollutant at a given time with the time t 237 
by equation (15) [26]. 238 
 5.0tkq idt =  (15) 
 239 
Where the intraparticle diffusion rate kid is constant and is expressed in mg.g
‒1.h‒0.5. kid1 240 
represents the intraparticle diffusion coefficient of the diffusion phase 1. If the plot of qt 241 
versus t0.5 is linear then it means that the intraparticle diffusion is the limiting step in the 242 
experimental conditions. The intraparticle diffusion rate is generally constant over a period of 243 
time at initial condition only.  244 
2.5.4.2 Boyd diffusion model 245 
Boyd diffusion model is also a single resistance model and can be expressed by the equation 246 
(16), [27]. 247 
 ( )tBn
nq
q
ne
t ×−










−= ∑
∞
=
2
1
22
exp
16
1
π
 (16) 
Where B is a coefficient expressed in h‒1. Equation (16) can be approximated by the 248 
following equations (17) and (18)  based on Reichenberg work [28]. 249 
If qt/qe > 0.85 then 250 
 





−−=×
e
t
q
q
tB 1ln4977.0  (17) 
 251 
If qt/qe < 0.85 then 252 
 
2
2
3


























−−=× e
t
q
q
tB
π
ππ  (18) 
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An effective diffusion coefficient can then be calculated from B by the following equation 253 
(19) presented by Reichenberg [28]. 254 
 
2
2
r
D
B
eff
×
=
π
 (19) 
Where r is the particle radius of the adsorbent. If the plot of B×t versus t is a straight line 255 
passing through the origin then the main resistance is due to intraparticle diffusion and Deff = 256 
Dintra [27]. 257 
Based on unit integrity, the Boyd coefficient can also be approximated using equation (20).  258 
 
2
1






≈
e
id
q
k
B  (20) 
Where kid1 is the intraparticle constant in mg.g.h
‒0.5, qe is the equilibrium sorbed pollutant 259 
determined by a kinetic model and expressed in mg.g‒1. Equation (20) allows the use of 260 
intraparticle model coefficients to calculate intraparticle diffusion coefficients. 261 
3 Results and discussion 262 
3.1 Crystalline structure of Laterite and ALS and their chemical composition 263 
Raw Laterite and ALS were previously analysed by XRF and the results were presented 264 
earlier [10]. The two samples have been categorised as lateritic samples because of their 265 
respective SiO2/(Fe2O3+Al2O3) ratio [29]. The Laterite mined showed a high level of 266 
aluminium oxides and iron oxides compared to the ALS which was assigned to the acid 267 
extraction process.  268 
XRD spectrum of both raw Laterite and ALS are presented in Figure 1. The samples are 269 
natural samples and full identification of crystals is limited because of impurities and the 270 
possible presence of amorphous phases. 271 
 272 
Figure 1 XRD spectrum of Laterite and ALS samples and main crystals phases identified 273 
 274 
Five main crystal phases were identified and the corresponding full quantitative analysis 275 
results are presented in Table 1. The XRD fully quantitative analysis was coupled with the 276 
XRF results obtained previously to fine tune the crystal quantification. 277 
 278 
Table 1 XRD analysis of raw Laterite and ALS samples. Results are expressed in % w/w 279 
 280 
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The two main crystal phases identified in Laterite are gibbsite and kaolinite which are 281 
characteristic of Laterite mined in Northern Ireland [11]. Upon sulphuric acid treatment 282 
Kaolinite content remains very high. Ratios of both iron and aluminium crystals to silica 283 
crystals decrease which underlines the dissolution of these targeted metal oxides and 284 
hydroxides. When XRF and XRD analysis results were compared, differences were noticed, 285 
mainly assigned to the Lost On Ignition (LOI) during XRF analysis and the presence of 286 
amorphous crystal phases in XRD fully quantitative analysis. 287 
3.2 Effect of material dosage onto P adsorption 288 
Different material ratios were used to study the effect of adsorbent dosage and results are 289 
presented in Figure 2. It can be noticed that a dosage of 8 g.L‒1 is necessary to completely 290 
remove the initial 25 mg.L‒1 of phosphorus and that only 10 % of P removal is reached when 291 
1 g.L‒1 of adsorbent is used. It is interesting to note that the P removal percentage increases 292 
nearly constantly from 10 % at 1 g.L‒1 of adsorbent to almost 100 % at 8 g.L‒1.  293 
The other noticeable result is the effect of adsorbent dosage on the equilibrium solution pH. 294 
The pH decreases when the adsorbent dosage is increased; this is linked to the residual acidic 295 
groups present in the material. As more ALS is used in the adsorption study the pH is 296 
decreased and can in return affect the P adsorption performance of the material. In the present 297 
study P is removed more favourably at low pH. Indeed as the dosage increases, the pH 298 
decreases and the average P adsorption capacity increases from 2.6 to 3.2 mg.g‒1 before 299 
dropping down when the total P removal percentage reaches 100 %, as seen in Figure 2. The 300 
effect of the pH explains the pattern noticed in the dose study as it is very rare to obtain a 301 
constant increase in the adsorption capacity of a material in the function of a dosage increase.  302 
In order to minimize the pH change due to ALS addition, a dosage of 1 g.L‒1 of ALS was 303 
selected for subsequent experiments. 304 
 305 
Figure 2 Phosphorus removal by increasing ALS dosage ratio; [P]0 ≈ 25 mg.L
‒1 ; pH0 is 7 306 
 307 
3.3 pH effect onto P removal by ALS 308 
The effect of pH on phosphorus adsorption was studied using a solution of 25 mg.L‒1 of 309 
phosphorus to prevent total removal of P from the solution. Results are displayed in Figure 3. 310 
It can be seen that pH 5 is the optimal pH for phosphorus removal using ALS. The maximum 311 
removal capacity of ALS observed at pH 5 is 3.68 mg P.g‒1 which corresponds to more than a 312 
50 % increase in P removal compared to results obtained at pH 7.  313 
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 314 
Figure 3 Phosphorus adsorption study in function of pH at equilibrium. [P]0 ≈ 25 mg.L
‒1  315 
 316 
The Point of Zero Charge (PZC) of ALS was previously evaluated at 5.1 [10] and explains 317 
the pattern of the plot observed in Figure 3. At pH lower than the PZC, the lateritic by‒318 
product is positively charged thus attracting anions. As it can be seen in Figure 4, at pH lower 319 
than 5.1, phosphorus is mainly present in the solution as dihydrogen phosphate, H2PO3
‒, 320 
explaining the good removal of phosphorus. At pH higher than the PZC the maximum P 321 
removal capacity of ALS decreases as the phosphorus specie are becoming more negative. 322 
On the other hand, for a pH lower than the PZC, the ALS phosphorous adsorption capacity 323 
slowly decreased as the phosphorous species present in the solution are neutrally charged. 324 
The strong effect of pH on the adsorption of phosphorus onto ALS suggests an adsorption 325 
process mainly controlled by physisorption [30]. At lower pH, the effect of pH is decreasing 326 
which can indicate the prevalence of another adsorption process like ion‒exchange [31]. 327 
 328 
Figure 4 Phosphorous speciation diagram and PZC of the lateritic by‒product ALS 329 
  330 
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3.4 Isotherms of P adsorption by ALS 331 
Results of the concentration study of phosphorous adsorption onto ALS and the resulting 332 
isotherms are presented in Figure 5. Data points were fitted with both Freundlich and 333 
Langmuir models. 334 
 335 
Figure 5 Isotherm modelling of phosphorus adsorption onto ALS. ALS particle size is lower than 75 µm and pHe ≈ 336 
7.0 337 
 338 
It can be observed from Table 2 that the Freundlich model presents the better correlation 339 
value to the experimental points obtained. It should be noticed that the lack of data points at 340 
low concentration does not allow a full comparison of the Langmuir and Freundlich models. 341 
Nevertheless as Ce increases, qe gradually increases over the concentration range studied. The 342 
absence of a strict plateau is a feature indicative of a process following the Freundlich model 343 
[32]. 344 
 345 
Table 2 Isotherm models parameters and correlation coefficient of P adsorpiton onto ALS 346 
 347 
The phosphorous maximum adsorption capacity qm of ALS was evaluated at 2.73 mg P.g
‒1 or 348 
0.090 mmol P.g‒1 over the concentration range studied. This value is significantly higher than 349 
the As(V) removal capacity of the same material revealed as 0.027 mmol P.g‒1 [10]. The 350 
higher concentration range used in this study can explain this difference as adsorption 351 
mechanisms are expected to be similar due to the close chemical structure of arsenate and 352 
phosphate.  353 
Additionally the qe value of ALS at 10 mg.L
‒1 reaches 2.5 mg P.g‒1 which can be considered 354 
a high removal capacity for a by‒product when compared to data from literature as presented 355 
in Table 3. 356 
 357 
Table 3 Comparison of P adsorption capacities of ALS and reported results from the literature 358 
 359 
Moreover it is interesting to note that the P removal capacity of ALS is evaluated at 2.19 360 
mg.g‒1 at 2 mg.L‒1, 2.09 mg.g‒1 at 1 mg.L‒1 and 1.65 mg.g‒1 at 0.035 mg.L‒1. The adsorption 361 
capacity of the material is very good at low concentrations.  362 
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3.5 Thermodynamic investigation of P adsorption onto ALS 363 
The impact of temperature on the P adsorption capacity helps to describe the reaction 364 
occurring during the P accumulation onto ALS. Figure 6 shows that the adsorption of 365 
phosphorous onto ALS increases as the temperature increases. This is characteristic of 366 
endothermic reactions as the heat provided shifts the reaction equilibrium. The qmax for 367 
phosphorus adsorption onto ALS increased from 2.74 to 3.24 mg.g‒1 with the increase in 368 
temperature from 298 to 323 K. This is attributed to both the enlargement of the pore size and 369 
the formation of new adsorption sites [33].  Isotherms at different temperatures were fitted to 370 
the Temkin model as presented in Figure 6. 371 
 372 
Figure 6 P adsorption isotherms obtained at different temperatures modelled using Temkin isotherm mathematical 373 
model 374 
 375 
The Temkin isotherms show an inverse order at very low concentrations in relation to the 376 
experiment temperature when compared to the order noticed at higher concentrations. This is 377 
probably due to the low adsorption capacity of the material and the lack of data points over 378 
this range. Because of this pattern the use of the Temkin, Langmuir or Freundlich constants 379 
to calculate K0 gave an erroneous solution to equation (12), i.e. a negative enthalpy. Indeed 380 
K0 was calculated using the ln(qe/Ce) value obtained when qe approaches zero [21]. To 381 
overcome this difficulty, equation (21) was used to calculate K0 [24] and [34].  382 
 
e
e
C
q
K ×≈10000  (21) 
K0 is dimensionless as explained by Milonjic and unit integrity as to be respected [25]. This 383 
explains the presence of the 103 factor before qe/Ce which is expressed in L.g
‒1.  From the 384 
plot of equation (13); i.e. lnKo vs. 1/T; the values of ∆H and ∆S can be determined from the 385 
slope and intercept respectively. The results obtained are presented below in Table 4 and the 386 
linear dependency of the free energy of Gibbs to temperature is shown in Figure 7. 387 
 388 
Table 4 Free energy of Gibbs, enthalpy and entropy of P adsorption onto ALS 389 
 390 
The negative ∆G value indicates a spontaneous reaction of P adsorption onto ALS. The 391 
positive enthalpy ∆H proves that the reaction is endothermic as suggested by the isotherm 392 
plot. The positive value of ∆S shows that the entropy, often attributed to the randomness of 393 
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the system, increases in the reaction of adsorption, i.e. at the liquid‒solid surface [35]. This 394 
shows the favourable nature of the reaction, even if the low value limits the interpretation 395 
[14]. ∆G value of around ‒10 kJ.mol‒1 and a low enthalpy of around 5.5 kJ.mol‒1 suggest that 396 
physisorption is the main mechanism involved in the adsorption of P onto ALS. 397 
Chemisorption usually displays a high bonding strength with the ∆H value higher than 84 398 
kJ.mol‒1 and the ∆G lower than ‒80 kJ.mol‒1 [35]. The thermodynamic study was carried out 399 
at pH 7 and revealed an adsorption mechanism governed by physisorption. The same 400 
experiment carried out at pH lower than PZC would give interesting information about the 401 
prevalence of chemisorption rather than physisorption at low pH in the process studied. 402 
Physisorption is often noticed in the adsorption of P, As, and F onto metal oxides or 403 
hydroxides [36], [10] and [37]. 404 
 405 
Figure 7 The plot of ln(K0) versus T
‒1 showing the dependency of the free energy of Gibbs to temperature 406 
 407 
3.6 Kinetic removal of phosphorus 408 
The kinetic study of phosphorous adsorption onto Laterite and ALS were conducted to 409 
determine the time required for the adsorption process to reach equilibrium, the effect of the 410 
particle size and the corresponding results are presented in Figure 8. Experiments were 411 
carried out at 300 rpm to eliminate the bulk diffusion resistance. It has been observed that the 412 
adsorption rate of P was quite rapid for the first 5 hours with the plateau taking place at 413 
approximately 30 hours; Figure 8 (a). However, after 48 hours, pseudo equilibrium was 414 
reached and the experiments were stopped. It can also be noticed that in the experimental 415 
conditions, the ALS material removed 80 % more than the raw Laterite material. 416 
 417 
 418 
Figure 8: Kinetic studies of P removal (a) by raw Laterite and ALS of particle size lower than 75 µm and (b) by ALS 419 
materials of different particle sizes. Adsorbent dosage ratio is 1 g.L‒1 and equilibrium pH is 7.0  420 
 421 
From Figure 8 (b) it can be seen that the maximum capacity of the materials in these 422 
conditions is influenced by the particle size of the material used. There is no significant 423 
difference in the surface area of the ALS material over the particle size range studied, which 424 
could explain the difference in qe. The slow diffusion of phosphorous and the incomplete 425 
equilibrium reached in the experiments might be responsible for the difference in qe noticed. 426 
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Table 5 presents the parameters obtained by fitting the experimental data to the pseudo first 427 
and pseudo second order kinetics models. The pseudo first order model seems to describe 428 
more accurately the adsorption of phosphorous onto Laterite and ALS (r2 > 0.974).  For the 429 
pseudo first order model the values of k1 and qe decreased with a decrease in the ALS particle 430 
size; the smaller the particle size the quicker the adsorption rate. 431 
 432 
Table 5: Pseudo‒first and pseudo‒second order kinetic model parameters 433 
 434 
This effect is further characterized by the determination of diffusion coefficients. 435 
3.7 Diffusion of phosphorous onto Laterite and ALS 436 
In fact several regions can usually be noticed in the diffusion of pollutants in porous materials 437 
[27]. The presence of different regions shows the predominant resistance to diffusion of one 438 
process over another [38]. The intraparticle model assumes that the stirring speed used in the 439 
kinetic experiment is sufficient to erase the bulk liquid to solid resistance. More over this 440 
model does not differentiate between pore diffusion and surface diffusion referring to both of 441 
them as intraparticle diffusion. It is then commonly stated that the first constant region 442 
corresponds to the pore diffusion being the limit step and the second region being the surface 443 
diffusion limiting step [39, 40]. A third region can be identified in specific cases when the 444 
adsorption step is very slow [41] or because the concentration gradient is too low in the 445 
experimental conditions. When four regions are noticed this implies that the first region, 446 
corresponding to the predominance of bulk diffusion in the liquid, is a limiting mechanism in 447 
the experimental conditions. The Malash and El‒Khaiary optimisation tool was used to 448 
determine the different intraparticle constants corresponding to the different diffusion stages 449 
[27]. 450 
Figure 9 presents the intraparticle diffusion model applied to the adsorption of P onto Laterite 451 
and ALS where different phases can be identified.  452 
 453 
Figure 9 Intraparticle modelling of P removal by Laterite and ALS or particle size lower than 75 µm 454 
 455 
In Figure 9, the plateau observed corresponds to a very slow diffusion step that can be 456 
identified as the surface diffusion step. The two other steps identified are characteristic of two 457 
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distinct intraparticle diffusion steps that can be either macropores, micropores or surface 458 
diffusion stages.   459 
The coefficients of the different steps identified were calculated using equation (15) and are 460 
reported in Table 6. The removal of P by ALS of different diameters was modelled by two 461 
stages only, with the first one being the intraparticle diffusion stage. 462 
 463 
Table 6 Intraparticle model coefficients for P removal by Laterite and ALS. kidx refers to the coefficient of the 464 
intraparticle diffusion phase number x 465 
 466 
The Boyd diffusion model, equation (16), fitted well the experimental data, suggesting that 467 
the diffusion was controlled by intraparticle diffusion. The Boyd coefficients and the 468 
resulting intraparticle diffusion coefficients are presented in Table 7.  The values obtained for 469 
the effective diffusion coefficients are low and are characteristic of micropores to surface 470 
diffusion coefficients [42] and [43]. Diffusion coefficients in the range of 10‒13 m2.s‒1 to 10‒12 471 
m2.s‒1 are typical values for micropore diffusion coefficients while values from 10‒20 m2.s‒1 472 
to 10‒14 m2.s‒1 were reported for surface diffusion coefficients. The diffusion coefficients 473 
obtained for small particle diameters present values in the range of surface diffusion while 474 
particles with higher diffusion coefficients are in the range of micropore diffusion. 475 
 476 
Table 7: Diffusion coefficient parameters of  P adsorption onto ALS as a function of particle size 477 
 478 
The diffusion of phosphorous onto ALS is mainly controlled by surface diffusion. Surface 479 
diffusion is generally the limiting step in adsorption of heavy metals onto iron, aluminium or 480 
manganese oxides [43]. The diffusion coefficients of phosphorous onto Laterite are lower 481 
than that of ALS, indicating that the surface diffusion in Laterite is slower than in ALS.  482 
The diffusion coefficients are key data in the prediction of column breakthrough. The use of 483 
equation (20) to approximate diffusion coefficients gives a quick and good estimation 484 
method. Linear correlation between both methods is very good (i.e. 0.97) but diffusion 485 
coefficients obtained using (kid1/qe)
2 as approximated Boyd coefficient are underestimated by 486 
25 %. 487 
3.8 Adsorption ‒ desorption mechanisms 488 
Figure 10 presents the FTIR analysis of the ALS sample before and after adsorption of 489 
phosphate. It can be noticed that there is an increase in the 920 cm‒1 and 946 cm‒1 peaks in 490 
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relation to the initial phosphate concentration used in the P adsorption experiments. The 946 491 
cm‒1 peak is assigned to the stretching vibration mode of PO4, and noticed in some P‒Al 492 
hydroxide minerals [44]. The chemical bonding between phosphate and aluminium oxy‒493 
oxyhydroxides proves that at least part of the adsorption of phosphate onto ALS is done by 494 
chemical bonding, either chemisorption or ion‒exchange. 495 
 496 
Figure 10: FTIR analysis of P adsorption onto ALS at different starting P concentrations and comparison with raw 497 
ALS. Equilibrium time was 48 h; wavelength range is 2000 ‒ 400 cm‒1 498 
 499 
Figure 11 shows the desorption of phosphate from ALS using either NaOH or Na2SO4 500 
solutions. When Na2SO4 solutions were used the equilibrium pHs recorded were around pH 501 
8. The results show a maximum desorption of P from ALS at 0.1 M NaOH (pH 13), when 502 
using NaOH solutions. A slight decrease in the desorption is noticed as the NaOH 503 
concentration increases. The dissolution of SiO compounds at high pH and the possible 504 
formation of P complexes under high pH environments can explain the decrease in desorption 505 
performances. 506 
 507 
Figure 11: Desorption of P from ALS using NaOH and Na2SO4 solution at different concentrations 508 
 509 
It is interesting to note that the desorption at pH 8 using Na2SO4 is quite stable as the Na2SO4 510 
concentration is increasing and reaches more than 33 % desorption at 0.1 M Na2SO4. While 511 
the NaOH desorption mechanism can rely on physical, chemical and ion‒exchange 512 
desorption mechanisms, Na2SO4 uses only ion‒exchange mechanisms to desorb P from ALS. 513 
The data presented in Figure 11 then suggests that nearly 30 % of P adsorption onto ALS can 514 
be attributed to the ion‒exchange mechanism.  515 
 516 
Table 8: DR model parameters for the isotherm of P adsorption onto ALS 517 
 518 
Table 8 presents the parameters of the Dubinin–Radushkevich model obtained at room 519 
temperature for the adsorption of phosphate onto ALS. The determination coefficient r2 for 520 
the application of the DR model to the data is quite low. The conclusions drawn from the 521 
analysis of the DR model parameters must then be balanced. The adsorption energy of this 522 
reaction is calculated as 5.3 kJ.mol‒1. The adsorption of phosphate onto ALS is then governed 523 
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mainly by physisorption. Nevertheless as the FTIR and desorption analysis suggested, ion‒524 
exchange is playing a role in the removal of phosphate from ALS. The adsorption of 525 
phosphorous onto ALS is therefore not a heterogeneous process. Part of it can be related to 526 
pure physical adsorption (adsorption energy < 8 kJ.mol‒1) while the other part is accounted 527 
for by ion‒exchange (adsorption energy > 8 kJ.mol‒1). 528 
4 Conclusion 529 
The present study revealed the good phosphorus adsorption properties of the ALS material; a 530 
by‒product generated during the manufacture of Ferric Aluminium Sulphate. The dosage 531 
study revealed the effect of the material and principally the remaining surface sulphate 532 
groups on the equilibrium pH and the impact on the adsorption capacity of the material. It 533 
was noticed that there is a maximum adsorption capacity at pH 5 evaluated at 3.68 mg P.g‒1 534 
while high pHs showed a detrimental effect of OH‒ groups onto phosphorus adsorption by 535 
ALS. 536 
Moreover at an adsorbent dosage of 1 g.L‒1 the P adsorption onto the ALS material followed 537 
a Freundlich type isotherm, displaying very good removal performances at low P 538 
concentration. At 0.035 mg.L‒1, the ALS material was able to remove 1.65 mg P.g‒1. 539 
In terms of kinetic removal, initial P adsorption onto ALS was very quick and pseudo 540 
equilibrium was reached in nearly 24 h following preferably a pseudo first order kinetic 541 
model. Nevertheless the effect of particle size on adsorption capacity kinetics revealed that 542 
equilibrium was not completely reached for bigger particles in 48 h. 543 
Diffusion of P onto ALS was limited due to surface diffusion resistance as indicated by the 544 
mathematical modelling of the kinetic experiments. Pore and surface diffusion coefficients 545 
were determined for each particle size studied using the Boyd diffusion model. Very similar 546 
surface diffusion coefficients were obtained using the kinetic parameters, which represent a 547 
simple estimation method for modelling calibration purposes. 548 
The desorption experiment showed a possibility of regeneration of the material for 549 
continuous applications. The capacity of this material to be used in a packed bed system or 550 
wetland type applications will be investigated under dynamic conditions. 551 
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Table 9 XRD analysis of raw Laterite and ALS samples. Results are expressed in % w/w 680 
Crystal Formula Laterite ALS 
Gibbsite Al(OH)3 72.1 60.5 
Anatase TiO2 2.0 2.4 
Hematite Fe2O3 1.9 2.4 
Magnetite Fe3O4 7.3 7.4 
Kaolinite Al2Si2O5(OH)4 16.7 27.3 
 681 
Table 10 Isotherm models parameters and correlation coefficient of P adsorpiton onto ALS 682 
 Langmuir isotherm Freundlich isotherm 
Parameters  qm (mg.g
‒1) bL (L.mg
‒1) r2 Kf (mg
1‒n.g‒1.Ln) n r2 
ALS adsorbent 2.730  1.460 0.923 2.090 0.070 0.980 
 683 
Table 11 Comparison of P adsorption capacities of ALS and reported results from the literature 684 
Adsorbents Removal capacity in mg P.g‒1 Best fit isotherm  Reference 
Phosphate mine wastes 8.70 Freundlich [45] 
Zeolite  2.15 Freundlich [46] 
Blast furnace slag 0.44 Freundlich [46] 
Calcite 1.82  Freundlich  [47] 
Acidified Laterite by‒product  2.73 Freundlich This Study 
 685 
  686 
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Table 12 Free energy of Gibbs, enthalpy and entropy of P adsorption onto ALS 687 
Temperature  ∆G (kJ.mol
‒1
) ∆H (kJ.mol
‒1
) ∆S (J.mol
‒1
.K
‒1
) 
298 K ‒10.06 5.54 52.37 
303 K ‒10.32   
313 K ‒10.82   
323 K ‒11.38   
 688 
 689 
Table 13: Pseudo‒first and pseudo‒second order kinetic model parameters 690 
  Pseudo first order  Pseudo second order 
 Particle diameter k1 qe r
2  k2 qe r
2 
Adsorbent µm h‒1 mg.g‒1   g.mg‒1.h‒1 mg.g‒1  
Laterite < 75 0.383 1.487 0.991  0.356 1.630 0.986 
ALS < 75 0.271 2.668 0.997  0.126 2.923 0.992 
ALS 500 ‒ 600 0.224 2.245 0.974  0.104 2.532 0.965 
ALS 1000 ‒ 1180 0.182 1.693 0.989  0.105 1.944 0.980 
 691 
Table 14 Intraparticle model coefficients for P removal by Laterite and ALS. kidx refers to the coefficient of the 692 
intraparticle diffusion phase number x 693 
 Particle diameter Intraparticle diffusion coefficients in mg.g
‒1
.h
‒0.5
 
Adsorbent µm kid1 r
2 kid2 r
2 kid3 r
2 
Laterite < 75 0.589 0.996 0.425 0.981 0.026 0.882 
ALS < 75 0.885 0.994 0.083 1.000 ‒ ‒ 
ALS 500 ‒ 600 0.717 0.931 0.146 1.000 ‒ ‒ 
ALS 1000 ‒ 1180 0.480 0.934 0.063 1.000 ‒ ‒ 
 694 
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Table 15: Diffusion coefficient parameters of  P adsorption onto ALS as a function of particle size 696 
Sorbent Ømedian B (×10
‒2
) Deff (×10
‒13
) (kid1/qe)
2
 (×10
‒2
) Deff (×10
‒13
) 
 µm min‒1 m2.s‒1  min‒1 m2.s‒1 
Laterite 37.5 0.364 0.021 0.261 0.016 
ALS 37.5 0.575 0.034 0.453 0.027 
ALS 550 0.236 3.013 0.170 2.170 
ALS 1090 0.202 10.10 0.134 6.730 
 697 
The diffusion of phosphorous onto ALS is mainly controlled by surface diffusion. Surface  698 
Table 16: DR model parameters for the isotherm of P adsorption onto ALS 699 
Adsorbent Pollutant pHe qs kad r
2
 E 
   mg.g‒1 mol2.kJ‒2  kJ.mol‒1 
ALS P 7 2.55 18.15 0.845 5.26 
 700 
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 1 
Figure 1 XRD spectrum of laterite and ALS samples and main crystals phases identified 2 
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 4 
Figure 2 Phosphorus removal by increasing ALS dosage ratio; [P]0 ≈ 25 ppm; pH0 is 7 5 
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 8 
Figure 3 Phosphorus adsorption study in function of pH at equilibrium. [P]0 ≈ 25 ppm 9 
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 11 
Figure 4 Phosphorous speciation diagram and PZC of the lateritic by‒product ALS 12 
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 14 
Figure 5 Isotherm modelling of phosphorus adsorption onto ALS. ALS particle size is lower than 75 µm and pHe ≈ 15 
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 18 
Figure 6 P adsorption isotherms obtained at different temperature modelled using Temkin isotherm mathematical 19 
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 21 
Figure 7 The plot of ln(K0) versus T
‒1 showing the dependency of the free energy of Gibbs to temperature22 
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Figure 8 Kinetic studies of P removal (a) by raw laterite and ALS of particle size lower than 75 µm and (b) by ALS 
materials of different particle sizes. Adsorbent dosage ratio is 1 g.L‒1 and equilibrium pH is 7.0  
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Figure 9 Intraparticle modelling of P removal by laterite and ALS or particle size lower than 75 µm 
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Figure 10 FTIR analysis of P adsorption onto ALS at different starting P concentration and comparison with raw 
ALS. Equilibrium time was 48 h, wavelength range is 2000 ‒ 400 cm‒1 
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Figure 11 Desorption of P from ALS using NaOH and Na2SO4 solution at different concentration 
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